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In humans, mutations in the Dystrophin Glycoprotein Complex (DGC) cause muscular dystrophies (MDs)
that are associated with muscle loss, seizures and brain abnormalities leading to early death. Using
Drosophila as a model to study MD we have found that loss of Dystrophin (Dys) during development leads
to heat-sensitive abnormal muscle contractions that are repressed by mutations in Dys’s binding partner,
Dystroglycan (Dg). Hyperthermic seizures are independent from dystrophic muscle degeneration and rely
on neurotransmission, which suggests involvement of the DGC in muscle-neuron communication.
Additionally, reduction of the Ca
21 regulator, Calmodulin or Ca
21 channel blockage rescues the seizing
phenotype, pointing to Ca
21 mis-regulation in dystrophic muscles. Also, Dys and Dg mutants have
antagonistically abnormal cellular levels of ROS, suggesting that the DGC has a function in regulation of
musclecellhomeostasis.ThesedatashowthatmusclesdeficientforDysarepredisposedtohypercontraction
that may result from abnormal neuromuscular junction signaling.
M
usculardystrophy(MD)patientshaveprogressivemuscleweakeningandlossandsofarnocureexiststo
treat these fatal disorders. Many forms of MDs are associated with abnormalities in the evolutionary
conserved Dystrophin Glycoprotein Complex (DGC) that links the extracellular matrix (ECM) to the
cytoskeleton
1. Dystrophin (Dys) is the main component of the DGC required for muscle stability and is found at
extrasynaptic and synaptic regions of muscle fibers where it is required for neuromuscular junction (NMJ)
development
2. Dys structurally links cytoskeletal actin to the ECM via the glycoprotein Dystroglycan (Dg),
where Dys also binds several other proteins (two syntrophins, two dystrobrevins, and four sarcoglycans)
3–4.
Improper association between muscle and the surrounding basal lamina is found in a variety of MDs and
cardiomyopathies
5–7.
TheDGChasbeenalsoshowntoplayaroleincellularsignalingprocessesthatrequireDgextracellularbinding
to Laminin. For example, G-protein binding to Syntrophin activates PI3K/Akt signaling in a manner that is
dependent upon Laminin-Dg interaction
8, as well Syntrophin phosphorylation has been shown to be dependent
upon this interaction resulting in Syntrophin-Grb2-Sos1-Rac1-Pak1-JNK signaling
9. Additionally, the DGC is
involved in TRPC channel activation at the muscle sarcolemma where Syntrophin regulates cation influx via
anchoring the store-operated channels that are critical for normal calcium homeostasis in muscle cells
10–11.
RecentlyDrosophila hasbeenshown tobeasuitable genetic modeltostudy theDGC
12.Initialcharacterization
of the DGC in Drosophila has portrayed that components studied so far are evolutionary conserved
13 and DGC
deficiencies lead to age dependent muscle degeneration, reduced mobility, dilated cardiomyopathy and a shorter
life span
12,14–15. Using this Drosophila MD model we previously performed in vivo genetic screens in ageing
dystrophic muscles to find novel DGC interactors
16. These interactors were divided into three main functional
groups: mechanosignaling, cellular stress response, and neuron-muscle communication. While the role of the
DGC in providing muscle integrity has been extensively studied, its function in muscle-neuron communication
has not been fully defined.
Since our previous data showed that the DGC mutants and the interactors found in the screen show mobility
defects that are intensified by higher temperatures, we decided to analyze the reason for this behavioral defect.
Temperature induced walking disability can originate from muscle or neuron malfunction. Here we measured
the muscle activity on live dystrophic animals and showed that Drosophila Dys mutants have muscle defects
resulting in seizures. These seizures robustly occur at elevated temperatures that seem to enhance an underlying
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this phenotype is only displayed when Dys is downregulated during
development of muscles, implying a developmental requirement for
Dys. Surprisingly, the seizure phenotype is not shared by, and
repressed by mutations in, the binding partner of Dys, Dg, possibly
due to malfunctioning of the NMJ. In addition, we show that a
deficiency in the Ca
21 regulator Calmodulin (Cam) and calcium
channel blockers rescue the Dys phenotype, suggesting that Ca
21
plays a role in dystrophic seizures. Under stress Dys and Dg
mutants have altered levels of ROS suggesting that these proteins
play a role in maintaining cellular homeostasis. These results reveal
novel dynamics between two components of the DGC and their
interaction.
Results
InapreviousreportweshowedthattheDGCisinvolvedinthestress
response pathway and that energetic stress and changes in the
ambient temperature accelerate dystrophic muscle degeneration
16.
Therefore we decided to test if dystrophic animals show abnormal
cellular homeostasis. Since elevated temperatures enhance cellular
responses
17–18, we measured the amount of lipid peroxidation pro-
ductswhicharetheresultofreactiveoxygenspecies(ROS)ofanimals
kept for three days at 29uC (higher than ambient, but not heat shock
temperature). Dys mutants had a strikingly larger amount of lipid
peroxidation products than did wt animals (Fig. 1a). Inversely, Dg
mutants have significantly decreased ROS levels relative to control.
Thoughheterozygoussinglemutants(Dys/1andDg/1)donothave
Figure 1 | Dystrophin mutants have elevated ROS and hyperthermic seizures. (a) Assessment of cellular lipid peroxidation products normalized to
protein content in animals housed at 29uC for three days. The axis represents the raw molar absorption after blank subtraction and normalization to
protein content. Statistical analysis was done using a one-tailed Student’s t-test and the error bars represent the standard deviation. All comparisons are
made against OregonR. Exact experimental values and P-values are given in Supplementary Table 1. (b) Electrical output from IFM vs. temperature
during seizures of DysDf/DfKX23 and dsDys/24B-Gal4 mutants compared to Control. Stars indicate the average start temperature where the error bar
indicates the standard deviation. Arrows indicate where plots in panel c are taken from. (c) Electrical output relative to time where the region examined
correlates with the numbered arrows in panel b. Output is displayed over a 0.5 s time period emphasizing the increase in frequency and decrease in
amplitude as the seizure progresses. (d) All tested Dys classical and RNAi alleles (levels of Dys mRNA downregulation are shown in Supplementary
Table 2)hadhyperthermicseizureswithsimilarseizureindicestestedinatwo-tailedKruskal-WallistestwhereP50.316excludingdatafromdsDys/D42-
Gal4animals(SupplementaryFigure 1,Table1).Seizureindicesofdystrophicmutantsaresignificantlyhigherwhencomparedtotheappropriatecontrol
(separated by vertical lines). One to one comparative statistics were done using a one-tailed Mann-Whitney U-test. Error bars indicate the 25
th and 75
th
percentilesofthedataspreadconsideringthatifananimaldoesnotseizethentheindexis0.TheSirangeofsomecontrolshavezerovaluesinthe25
thand
75
th percentile range, thus it appears that there is no error bar.*P # 0.05, **P # 0.01, ***P # 0.001.
www.nature.com/scientificreports
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heterozygous mutants (Dg/1; Dys/1) indicating that these two pro-
teins interact in maintaining proper ROS cellular levels (Fig. 1a).
Cellular homeostasis depends on Ca
21 levels and a protein regu-
lating proper calcium levels, Calmodulin (Cam) was found to inter-
act with Dys leading to muscle degeneration
16. We analyzed ROS
levels of animals heterozygous for both Cam and Dys (Cam/1;
Dys/1) and observed a significant decrease in ROS levels indicating
that these two proteins genetically interact (Fig. 1a), suggesting that
Dys-dependent cellular stress depends on Ca
21 levels.
Next, we applied higher than ambient temperatures to Dys clas-
sical and RNAi mutants to examine in vivo dystrophic muscle func-
tion in increased temperature conditions. This revealed a complex
physiological defect that can be measured by electrophysiological
recordings from indirect flight muscles (IFMs). All Dys mutant
animals at temperatures ranging anywhere from 30–46uC started
to have abnormal muscle contractions (seizures) (Fig. 1b–d,
SupplementaryFig. 1).Theseseizuresslowlydecreasedinamplitude
while increasing in frequency. When a seizure occurred a seizure
index (Si) was calculated taking into consideration the amplitude
and duration of the seizure as well as the temperature seizing started
at.IfananimaldidnothaveaseizurethentheSiwasassignedavalue
of zero (Table 1). Using different Dys allelic combinations we
observed that 60–100% of dystrophic animals had seizures with
themedian Sirangingfrom1.6to2.4,whilethemedianSiforcontrol
animals was 0 (Table 1).
To understand the origin of this phenotype, we downregulated
Dys in different tissues using specific Gal4 drivers and Dys RNAi.
Animals with ubiquitous and mesodermal Dys downregulation
showed a strikingly similar phenotype to that seen with the allelic
mutations (Fig. 1b,d). Contrarily, the indices were not significantly
greater compared to control when Dys RNAi was expressed using a
Table 1 | Seizure Indices (Si)
Genotype n % seized
T - - Avg. Ts6sd (uC)*
Avg. Amax6sd
(mV)*
Avg. Area6sd
(pixel3 10
-3)*
Median Si**
(25
th/75
th percentiles)
1P-value
OregonR 7 29 40.766.1 12.2613.4 2.9 6 2.4 0.0 (0.0/0.9) 0.944
(x
2 5 0.115) w
1118;CyO/1; TM6/1 4 25 46.4 2.6 1.3 0.0 (0.0/0.4)
w
1118;CyO/Pin 4 25 38.3 14.3 6.9 0.0 (0.0/0.6)
wt*** 15 24 42.164.1 14.0613.8 4.562.9 0.0 (0.0/0.8) -
DysDf/DfKX23 5 80 37.063.1 6.065.2 2.4 6 2.0 1.8 (1.7/2.2) 0.028*
DfKX23/1 4 100 43.063.3 1166.8 4.9 6 5.4 1.8 (1.5/2.2) 0.011*
DysDf/Dys
8-2 10 60 40.866.4 1366.4 4.2 6 2.9 1.6 (0.0/2.2) 0.045*
Dys
8-2/1 5 80 40.268.2 3.361.7 1.4 6 0.8 1.7 (1.3/1.8) 0.045*
DysDf 9 89 35.264.7 7.766.4 4.9 6 3.7 2.4 (2.2/2.4) 2.6 3 10
24***
DysDf/1 8 75 39.663.5 8.765.3 2.4 6 2.5 1.7 (1.1/1.8) 0.050*
eDg
2/2 9 11 45.3 5.6 1.3 0.0 (0.0/0.0) 0.19
Dg
O86/1;DysDf/1 10 20 38.067.6 5.262.9 2.8 6 0.3 0.0 (0.0/0.0) 0.50
¤para
ts1/1; DysDf/1 5 0 0 0 - - 0.28
cora
k08713 8 0 - - - - 0.15
cora
k08713/1; DysDf/1 8 12.5 36.0uC 5.2 5.6 0.0 (0.0/0.0) 0.41
¤Cam
n339/1; DysDf/1 7 0 - - - - 0.19
tub-Gal4/1 10 20 42.565.5 2.660.1 1.660.4 0.0 (0.0/0.0) -
tub-Gal4::dsDys/1 10 70 40.165.8 4.562.1 2.3 61.8 1.7 (0.2/1.9) 0.020*
tub-Gal4::dsDg/1 8 50 43.662.6 4.162.1 1.2 60.7 0.7 (0.0/1.6) 0.19
tub-Gal4::dsDys/dsDg
£ 6 50 44.265.3 12613.4 0.8 60.2 0.7 (0.0/1.4) 0.29
tub-Gal80
ts/1, tub-
Gal4::dsDys/1 – Put
to 29uC after eclosion
14 29 45.762.4 1065.8 2.1 6 1.2 0.0 (0.0/0.9) 0.47
tub-Gal80
ts/1, tub-
Gal4::dsDys/1 – Put to
29uC as L3 larvae
13 77 40.164.9 7.965.2 4.2 6 4.2 2.0 (1.7/2.2) 3.7 3 10
24***
tub-Gal80
ts/1, tub-
Gal4::dsDg/1 – Put to
29uC after eclosion
5 0 - - - - 0.40
tub-Gal80
ts/1, tub-
Gal4::dsDys/dsDg – Put to
29uC after eclosion
6 17 48.2 5.1 0.4 0.0 (0.0/0.0) 0.34
para
ts1/1; tub-
Gal4::dsDys/1
5 0 0 0 - - 0.40
CyO(Pin)/1;24B-Gal4/1 40 - - - - -
dsDys/24B-Gal4 5 100 41.566.3 5.864.1 3.1 6 2.7 1.8 (1.7/1.8) 0.0079**
dsDg/24B-Gal4 5 0 - - - - 1.0
D42-Gal4/1 40 - - - - -
dsDys/D42-Gal4 5 40 37.868.2 5.765.2 2.3 6 0.8 0.0 (0.0/1.8) 0.28
dsDg/D42-Gal4 5 0 - - - - 1.0
n 5 number of animals measured for the specified genotype
T --percent of animals measured that had a seizure
*Calculated using data from animals that seized only
**Index calculated by integrating the area of the graph of voltage vs. temperature during a seizure, taking the natural logarithm of this number, dividing by the temperature that the seizurestarted, and then
multiplying times ten. A Si of zero was assigned to animals that did not seize
***There is no difference between animals of genotypes OregonR, w
1118;CyO/1;TM6/1 or w
1118;CyO/Pin as assessed using a Kruskal-Wallis test. These animals were pooled and termed WT.
1P-values are relative to the control animals at the beginning of each shaded section, *P # 0.05, **P # 0.01, ***P # 0.001
eFive animals were of genotype Dg
O86/O55, two were of genotype Dg
O86 and two were of genotype Dg
O86/1 where one animal of genotype Dg
O86/O55 had a seizure
£Four animals were of genotype tub-Gal4::dsDg/dsDys and two animals were of genotype tub-Gal4::dsDys/dsDg
¤Animals of genotype para
ts1/Y and Cam
n339/1 did not have seizures (n52)
www.nature.com/scientificreports
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zures are a result of the lack of Dys in muscle tissue, but not in
motoneurons.
Theoccurrenceoftemperature-sensitiveseizurescouldbeduetoa
problemarisinguponDysdeficiencyduringmuscleestablishmentor
maintenance. To allow for developmental stage-specific down-
regulation of Dys, RNAi transgenic constructs were combined with
theGal80temperature-sensitivesystemthatsuppressesexpressionof
constructsuntiltheanimalsaretransferredto29uC.WhenDysRNAi
animals were shifted to 29uC after muscle development and synapse
maturation is completed, a significant decrease in seizure indices
took place compared to a Dys deficit in development (Fig. 2a,b).
This evidence shows that Dys is required during development to
prevent heat induced seizures.
Animals expressing Dys RNAi during development have properly
developed muscles, which degenerate only as the animal ages
12.T o
determine if previously shown age-dependent muscle degeneration
is a result of the seizure activity described here, Dys RNAi animals
were allowed to develop at a permissive temperature (no RNAi
expression)andagedattherestrictivetemperatureafteradultmuscle
and NMJ formation. Although the animals no longer had seizures,
they exhibited muscle degeneration similar to animals with tempor-
ally unrestricted Dys downregulation (Fig. 2c,d, Supplementary
Table 4).Importantly,seizingisnottheresult ofagingsincewtolder
animals still do not seize and older Dys mutants have a reduced
occurrence of seizures (,50%). Perhaps, degenerating muscle is
unable to respond in the same manner as young intact muscle.
This result implies that the absence of Dys influences muscle
degeneration and seizures independently.
The seizures in Dys mutants could be due to either muscle auto-
nomous mis-regulation or inability to properly respond to synaptic
input. To test if a neuronal contribution is required we used a pre-
viously described temperature-sensitive mutation in the paralytic
gene that abolishes neuronal action potentials at temperatures above
29uC in adults (Fig. 2e)
19–20. Opposite to Dys heterozygous and RNAi
mutants, the introduction of the para
ts1 allele into a dystrophic back-
ground prevented seizures suggesting that neuronal transmission is
required to trigger contractions in dystrophic muscles.
We initially believed that mutations in Dys’s binding partner, Dg
wouldphenocopythedystrophicseizurephenotype.Surprisingly,Dg
loss-of-function mutants exhibit no seizing activity (Fig. 3a,b,
Table 1). Ubiquitous Dg RNAi expression produced some small
low occurrence seizures, but specific expression in the mesoderm
and motoneurons caused no seizures (Supplementary Fig. 3). Even
more, Dg/1;Dys/1 transheterozygous animals did not have heat-
induced contractions (Fig. 3a,b, Table 1). This reveals that seizure
susceptibility at high temperatures can be reduced by loss of one
copy of Dg.
It has been shown that at Drosophila larval NMJs Dys is not
localized in the absence of Dg, while Dg localization is only partially
dependent upon Dys
20. Accordingly, we found that at adult dys-
trophic NMJs Dg is reduced (Fig. 3c,d), while in transheterozygous
mutants (Dg/1;Dys/1) Dg is missing from the NMJ similar to Dg
loss-of-function mutants (Fig. 3c,d, Supplementary Table 5). Based
on this evidence, we propose that the presence of Dg at the NMJ is
necessary for Dys mutants to have temperature-induced seizures.
This conclusion is further supported by the fact that animals expres-
singbothDgandDysRNAi(causingDysandDglevelstobereduced
but not abolished, Supplementary Table 1,6) have lower seizure
occurrence than Dys RNAi mutants (Table 1).
SinceDysandDgarethekeycomponentsoftheDGC,integrityof
which is crucial for proper muscle function and maintenance, we
Figure 2 | DystrophicseizuresaredependentuponneuronalinputthatrequireDysduringdevelopment. (a)Electricaloutputofanimalsshiftedtothe
restrictivetemperature aslateL3 larvae(left) andasadults(right). Dysprotein reductionlevelsusingthe Gal80temperature sensitivesystem are given in
Supplementary Table 3 and Supplementary Figure 2. (b) Seizure indices for RNAi mutants after being shifted to the restrictive temperature at different
life stages. A Mann-Whitney U-test was used to compare seizure indices upon Dys downregulation in adulthood to Dys downregulation in development
(P50.007).DysdownregulationinadulthoodresultedinaSithatisnotsignificantlydifferentfromcontrol(tub-Gal4/1,P50.47,Table1).Inaddition,
animals of the genotype tub-Gal80
ts/1;tub-Gal4/1 shifted as adults did not have seizures (n 5 2). (c) Bar graphs showing relative fold increase in the
frequency of muscle degeneration of Dys RNAi mutants targeting Dys throughout the lifetime or shifted to the restrictive temperature as adult. The
percentofmuscledegenerationhasbeennormalizedtothatincontrolanimalsunderthesameconditions(SupplementaryTable 4).Statisticsformuscle
degeneration were done using a one-tailed chi-square test (x
252.62, P 5 0.11). (d) Histological sections of thoracic muscles. Arrows indicate areas of
degeneration. (e) The para
ts1 allele abolishes seizures in DysDf/1 and tub-Gal4::dsDys/1 animals (red plot). *P # 0.05, **P # 0.01, ***P # 0.001.
www.nature.com/scientificreports
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Dys mutants do. First, we considered that Dg mutants do not have
temperature-sensitive seizures due to compensatory mechanisms.
Integrinsarelikelycandidates,asalpha(7B)integrinhasbeenshown
to compensate for Dg absence in mediating cell-extracellular matrix
attachment
21. If integrins are making up for loss of Dg, then trans-
heterozygous animals might have enhanced seizures. However, the
reduction of both integrin and Dg (mys
1/1;Dg/1) leads to a similar
phenotype as mys
1/1 heterozygous animals, indicating that there is
no genetic interaction between these two proteins in seizure occur-
rence (Supplementary Fig. 4).
Drosophila NMJs are glutamatergic, and previously it has been
shown that Dg is required for proper localization of postsynaptic glu-
tamate receptors at larval NMJs
20,22. Since the amount of glutamate
receptors influences muscle-neuron communications, we next ana-
lyzed the localization of glutamate receptor type II A (DGlulRIIA) at
t h ea d u l tNM J .W ef o u n dt h a tDgmutants have an approximately 40%
decrease in the levels of the glutamate receptor at the NMJ (Fig. 3e,f).
Conversely, this receptor in Dys m u t a n t si sl o c a l i z e dl i k ei nwt animals
(Fig. 3e,f) which is in accordance with previous reports on larvae
20,23.
This indicates that the seizing phenotype observed in Dys mutants is
not due to mislocalization of DGlulRIIA.
Next, in order to analyze if the rescue of the seizing phenotype
observed in Dys/1;Dg/1 transheterozygous mutants is due to
interaction of Dys and Dg at the NMJ we used mutants of Coracle
(Cora), a protein that is localized to the NMJ. Cora is the Drosophila
homologue of mammalian brain 4.1 proteins
20 and it has been
shown that Cora and Dg protein concentration at the NMJ are co-
dependent
20. Since in cora/1;Dys/1 mutants Dg is not properly
localized to the adult NMJ (Fig. 3c,d), it would be expected that cora
mutants should behave the same as Dg mutants and rescue dys-
trophic hyperthermic seizures, if they depend on DGC function at
NMJs. Hypomorphic cora mutant animals exhibit a mild heat-
induced muscle contraction phenotype of their own (Fig. 4a,b), but
this activity is not of the nature described here, therefore no seizure
indiceswerecalculated fortheseanimals.Dataderived fromDysand
cora transheterozygous animals (cora/1;Dys/1) mimicked that of
the cora mutants and, similar to Dg reduction, rescued dystrophic
seizures (Fig. 3a,b). Based on these data and previous reports of
increased neurotransmitter release at dystrophic larval NMJs
23–24,
Figure 3 | LossofDystroglycan, CoracleorCalmoduline represses theseizurephenotypeofDystrophin mutants. (a)Seizure indices show thatDgand
cora mutants do not have seizures (Table 1) and mutations in Dg, Cam or cora suppress the seizure phenotype in Dys transheterozygous animals
(P 5 0.032, 0.006 and 0.017 respectively when compared to Dys/1 animals). Animals carrying RNAi constructs against both Dys and Dg also showed a
50%decreaseinseizureactivitywhendownregulatedduringdevelopmentand17%whendownregulatedafterdevelopmentindicatingarepressionofthe
phenotype by downregulation of Dg (P 5 0.072 and 0.017 respectively compared to Dys RNAi mutant, Table 1). Statistics were done using a one-tailed
Mann-Whitney U-test. (b) Electrical output from IFM vs. temperature. (c)In control animals Dg(magenta) is localized tothe NMJ. Dys mutants have a
decreasedamount ofDgatthe NMJ,butsome Dglocalization isstillobserved. Dg mutantshavenoDglocalizedtothe NMJ.Transheterozygous animals
(Dg/1;Dys/1,cora/1;Dys/1)showasignificantdecreaseinDgstainingattheNMJaswell.TheoverallstructureandpresenceofNMJsdoesnotappearto
bealteredinthemutantsascanbeseenviaDlgstaining(green).(d)InadultabdominalNMJsDGluRIIAislocalizedsimilarlyinDysmutantsasinthewild
type(OregonR)animals;however,Dgloss-of-functionmutantshaveadecreasedamountofthereceptor.Statisticsonrelativeintensitiesweredoneusinga
Student’s t-test compared to OregonR where the error bars represent the average deviation from the mean. *P # 0.05, **P # 0.01, ***P # 0.001.
www.nature.com/scientificreports
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resultsinadistinctiveelectrophysiologicalphenotypefromthatseenwithDysheterozygousmutations.(a)cora
k08713mutantshaveelectricaloutputthatis
not of a consistent frequency. Animals of genotype cora
k08713/1; DysDf/1 have a phenotype similar to the cora mutant. The output is recorded over
1 second. (b) Examples of the two types of electrical activity measured in cora
k08713, DysDf/1 and cora
k08713/1; DysDf/1 animals. The output is recorded
over 10 seconds.
www.nature.com/scientificreports
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function of the DGC at the NMJ.
ReleaseofneurotransmitterattheNMJresultsindepolarizationof
the muscle membrane causing release of Ca
21 from the SR required
for muscle contraction. Thus, we examined how the Ca
21 binding
protein, Calmodulin, which binds to DGC components dystrophin
andsyntrophinsinmammals
25,affectsthedystrophicseizurepheno-
type. In Drosophila there is only one gene encoding Cam that is
homologous to the human CAM2 gene with 97% identity
26.
Introduction of a Cam null mutation into a Dys mutant background
(Cam/1;Dys/1) rescued hyperthermic seizures (Fig. 3a,b). Since
Cam regulates levels of Ca
21, our data implies that Ca
21 levels are
important for the dystrophic seizure activity.
Previous work has demonstrated that there is an increase in Ca
21
release from the sarcoplasmic reticulum (SR) in DMD human myo-
tubes
27.ToassessbywhichmechanismCa
21playsaroleintheobserved
seizures,DysmutantswerefedovernightvariousCa
21channelblockers
[Nifedipine (dihydropyridine channel), 2-APB (inositol 1,4,5-tripho-
sphate receptors, IP3R) and Ryanodine (Ryanodine receptors, RyR)]
and assayed for temperature induced seizures. To prevent total inhibi-
tion of muscle contraction a low drug concentration was used to block
individual channels at one time. Animals fed Nifedipine did not show
less seizure activity than controls, but both 2-APB and Ryanodine
treated flies showed a decrease in seizure activity, with Ryanodine
having the most dramatic effect (Fig. 5a,b, Supplementary Table 7).
This shows that Ca
21 released via IP3R and RyR activated channels
plays a role in hyperthermic seizures.
Discussion
Muscle seizures accompany multiple human neurological and mus-
culardisorders.Seizurescanoccurwhenagroupofneuronsbecomes
hyperexcitedanddischargeactionpotentialsirregularlywithoutsup-
pression, which causes muscle fibers to contract inappropriately.
The uncontrolled action potential is dependent upon K
1 and Na
1
channel permeability or Ca
21 mis-regulation
28. Ryanodine receptors
that are regulators of fast Ca
21 release from the sarcoplasmic
reticulum have been found to play a role in the disease pathology
of seizures
29. Additionally, inositol 1,4,5-triphosphate receptors
(IP3Rs) which regulate slow Ca
21 release from the SR are necessary
in the central nervous system, causing epilepsy when mutated
30.
Seizures can be alleviated by manipulation of ion channels or by
blocking neurotransmission.
It has been shown that Laminin binds directly to voltage gated
Ca
21channels (CaV) at the presynapse in mice, specifically P/Q- and
N-type channels, and this binding induces vesicle clustering
31.
LamininalsobindsthetransmembraneproteinDgprovidingadirect
link between Dys and the presynaptic motoneuron in mammals.
Importantly, not only does the motoneuron send signals to the mus-
cle, but also retrograde signaling exists, where a signal travels from
the muscle back to the presynaptic neuron. The current pathway by
which synaptic retrograde signaling communicates is not known,
however Dys has been implicated previously to play a role in the
process
23–24. If we assume that hyperthermic seizures reported here
are related to the role of Dys in retrograde signaling, then the CaV-
Laminin-Dg signaling cascade could explain why the P/Q- and
N-type, but not the L-type Ca
21 channel blocker affected Dys sei-
zures. Similarly, the reduction of Dg or Cora reduced the seizure
occurrence possibly by preventing propagation of signaling via loss
of communication with Laminin. Another pathway that plays a role
in retrograde signaling at the NMJ
32 is TGF-b and interestingly,
mutants of the TGF-b pathway have a hyperthermic seizure pheno-
typesimilartoDysmutants(SupplementaryFig. 5).However,wedid
notobserveageneticinteractionbetweentheDGCandTGF-bpath-
way components suggesting that they might act in parallel.
Dys and Dg have been reported to have opposing functions in con-
trol of neurotransmitter release at the NMJ. Dg mutants show a
decrease and Dys loss of function and heterozygous mutants an
increase in release of neurotransmitter, however both mutants do not
show a change in response to altered neurotransmitter levels
20,22–24.
Figure 5 | Elevated Ca
21 from the SR leads to hyperthermic seizures.
(a) Seizure indices of DysDf mutants after being fed various Ca
21 channel
blockers. The control animals were only fed 5% sucrose and the other
drugsweregivenina5%sucrosesolution.Statisticswerecalculatedusinga
one-tailed Mann-Whitney U-test where the following P-values were
obtained by comparing to sucrose fed animals: Nifedipine: P 5 0.421,
2-APB: P 5 0.107 and Ryanodine: P 5 0.078. (b) Electrical output from
dystrophicheatedmusclesafterbeingfedovernightwithsucrose(control),
L-type calcium channel blocker (Nifedipine), Ryanodine SR fast calcium
channel blocker or IP3R SR slow calcium channel blocker (2-APB). 5–6
animals were measured per condition. Seizure onset and subsiding
temperatures are noted as well asseizure duration.Animals fed Nifedipine
did not show a decrease in seizure activity. Animals fed 2-APB had
additionalseizureactivitythatwasoccurringspontaneouslybeforeheating
began that was different in its electrical pattern that would be consistent
with the observed phenotype of typical Dys mutants. This is shown here
where output occurs for almost 30 s. This is later followed by a seizure at a
reasonable temperature that looks like what would be expected for a
dystrophic mutant. This extra output was only seen with animals fed this
channel blocker, and in general the occurrence of seizures was less than
controls (Supplementary Table 5). Animals fed Ryanodine still had
seizures 33% of the time, but in general there was a decrease in the seizure
indices associated with these animals, therefore we considered this reagent
to have a therapeutic effect. *P # 0.05, **P # 0.01, ***P # 0.001.
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Dys mutants have seizures and Dg mutants do not. Additionally, Dys
mutants have an increase in synaptic vesicle docking sites (T-bars) at
larval NMJs
23, which could explain our data showing the develop-
mental requirement for Dys. Once the NMJ is established with a nor-
mal number of active sites, animals would not be prone to seizures.
Our data also show that Dys and Dg mutants have altered cellular
homeostasis. In vertebrates, multiple metabolic disorders have been
implicated in seizure activity; for example, mitochondrial encephalo-
pathy, the most common neurometabolic disorder, presents various
symptoms including seizures
33 and mice that are partially deficient for
mitochondrial superoxide dismutase have an increased incidence of
spontaneous seizures
34. Additionally, mdx mice, a model for MD has
sustained oxidative stress in skeletal muscle
35–37.I nDrosophila,i th a s
been shown that Dg mutant larvae have an altered state of cellular
homeostasis and are sensitive to ambient temperature. A constant
increase in mitochondrial oxidative metabolism, caused by a Dg hypo-
morphic mutation, results in a change in thermoregulatory behavior
38.
Inaddition,itwasreportedthatsuboptimaltemperaturesandenergetic
stress accelerate age-dependent muscular dystrophy in both, Dys and
Dg mutants
16. Now we show that Dys and Dg mutants have antagon-
istically abnormal cellular levels of ROS.
ROS are derived from elemental oxygen (O2), and ROS cascades
begin with the superoxide anion radical. Sources for superoxide
anion radicals include xanthine oxidase, prostanoid metabolism,
catecholamine autooxidation, NAD(P)H oxidase activity and NO
synthase. These radicals are generated in normal muscle, and the
rate of generation is increased by muscle contraction
39.I n
Duchenne MD the absence of dystrophin at the sarcolemma deloca-
lizes and downregulates neuronal nitric oxide synthase (nNOS),
which in turn leads to increase in inducible nitric oxide synthase
(nNOS) that generates excessive NO
N40. This mechanism can explain
extremely high ROS levels in Dys mutants. This high level of ROS in
dystrophic Drosophila can be alleviated by transheterozygous inter-
action with Dg and Cam, which indicates a genetic interaction
between Dys and these two genes in control of cellular homeostasis.
Our study provides the first in vivo measurements on dystrophic
animals showing that they have hyperthermic seizures that are
dependent upon neurotransmission. Dystrophin is required during
development, since Dys downregulation in adulthood, after muscles
and NMJs are already established precludes hyperthermic seizures.
Our data suggest that the DGC has a role in signaling at the NMJ:
reductionof Dg,aprotein thatbinds Dys
12and regulateslocalization
oftheNMJspecificproteins,preventsdystrophicseizureoccurrence.
Seizures are associated with abnormal Ca
21 release from the SR;
introduction of a mutation of Ca
21mediator Calmodulin and supply
of calcium channel blockers reduce seizures. Taken together, our
datashowthattheDGCactsatthemusclesideoftheNMJtoregulate
muscle cell homeostasis in response to neuronal signaling and
implies that Dys is involved in muscle-neuron communication.
Methods
Flystrainsandgenetics.Flystocksweremaintainedat25uConastandardcornmeal-
agar diet unless otherwise stated. Fly strains used in this study are: UAS-Dys
C-RNAi
(dsDys), tub-Gal4::dsDys/TM6, UAS-Dg
RNAi (dsDg), tub-Gal4::dsDg/TM3 (described
previously
12 and recombined onto chromosomes with the tub-Gal4 driver where
indicated),lossoffunction(lof)mutantsDysDf(deletionoftheDysgenegeneratedby
outcrossing the deficiency Df(3R)Exel6184
41),D g
O86/CyO, Dg
O55/CyO
42, DfKX23/
Ser,TM3 (Df(3R)Dl-KX23 - partial deletion of Dys gene, Bloomington ID: 2411 ),
Dys
8-2/TM6 (deletion of N-terminal region causing a loss of at least one long
isoform
12), tub-Gal4/TM3, 24B-Gal4, D42-Gal4, act-Gal4, tub-Gal80
ts, OregonR.
Alleles used in this study are: para
ts1 (temperature sensitive, lof),C a m
n339 (lof), mys
1
(lof), cora
k08713 (hypomorph), tkv
1 (hypomorph) and Mad
12 (lof). The RNAi line
directed against tkv (tkv
RNAi)wasobtained fromthe Vienna Drosophila RNAi Center.
Unless otherwise stated, lines were obtained from Bloomington Stock Center.
Immunohistochemistry. Adult flies were immobilized on a tissue culture dish using
Vaseline. The thorax and head were removed and the abdomen was opened in saline
buffer (115 mM NaCl, 5 mM KCl, 6 mM CaCl2N2H2O, 1 mM MgCl2N6H2O, 4 mM
NaHCO3, 1 mM NaH2PO4N1H2O, 5 mM trehalose, 75 mM sucrose, and 5 mM
N-Tris [hydroxymethyl] methyl-2-aminoethane sulfonic acid). The tissue was then
fixed without agitation for 10 minutes at room temperature in 4% formaldehyde.
Tissue was fixed for 5 minutes in methanol for the anit-DGluRIIA antibody.
Antibody staining was performed as described before
17 except with the use of saline
buffer. The following antibodies were used: rabbit anti-Dg
42 (151000), mouse anti-
Dlg (1550; Developmental Studies Hybridoma Bank), mouse anti-DGluRIIA (1550;
Developmental Studies Hybridoma Bank), Alexa 488 goat anti-mouse and Alexa 568
goat anti-rabbit (Invitrogen). Samples were then mounted on slides in 70% glycerol,
2% NPG, 13 PBS and analyzed using a confocal microscope (Leica TCS SP5).
Quantification of staining intensities was done using Leica software (LAS AF version
2.1.1). The mean pixel value in the area of interest (NMJ) and in the same size area of
the background was calculated. The background level was subtracted from the value
found in the area of interest. Reported intensities were normalized to control and the
Student’s t-test was performed for statistical analysis.
Electrophysiology.IFMrecordingsweredoneonadultfliesraisedat25uC.Flieswere
3–5daysoldunlessotherwiseindicated.PlatinumelectrodeswerefashionedviaKOH
etching. The recording electrode was inserted into the lateral thorax with the ground
electrode inserted into the abdomen. Temperature was shifted from room
temperature (,25uC) up to ,50uC using an infrared lamp. Signals generated from
the IFMs were amplified and digitized with the Micro 1401 data acquisition unit
(Cambridge Electronic Design) and analyzed with Spike 2 software (Cambridge
Electronic Devices). Temperature was monitored using an analogue thermometer
(DKT200, 0–5 V, 220uC280uC, 60.3uC, Driesen Kern GmbH) where
approximately every ten seconds resulted in a 1uC T increase. Plots were made of
voltage output vs. temperature. All plots were scaled the same and converted into
binary JPEG images. A macro was written using ImageJ software (NIH) to count the
number of pixels of the voltage on the graph during the seizure. When a seizure
occurred,aseizureindex(Si)wascalculatedtoreflectthetemperaturethattheseizure
started at (Ts), the amplitude of the seizure, and the duration of the seizure. Since the
Ts was deemed tobe more informative than the size of the seizure, a Siwas calculated
by taking the natural logarithm of the pixel count and dividing by the seizure start
temperature. This number was then multiplied by 10.
Si ~ ln pixel number ðÞ =Ts ðÞ   10
If no seizure occurred then the index was set to zero because the Ts could not be
determined if there was no seizure. Only seizures that occurred at lower than 49uC
were considered because at very high temperatures even control animals start having
contractions (Fig. 1b).
Statistics.Sinceourseizureelectrophysiologicaldataarenotnormallydistributed,we
used non-parametric methods for statistical analysis. Values are reported as M (x/y)
where M 5 median, y 5 25
th percentile rank and x 5 75
th percentile rank. For
determination of agreement between groups of data, the Kruskal-Wallis test was
applied resulting in a chi-squared statistic. For comparison between two data sets a
one-tailed Mann-Whitney U-test was used. Graphical representations of data show
the median value of the data spread and error bars correspond to the 25
th and 75
th
percentiles. Statistical analysis of muscle degeneration was done using a one-tailed
chi-squared test. Statistical analysis of biochemicalassays and immunohistochemical
signal intensity was done using a one-tailed Student’s t-test.
Histology. For analysis of indirect flight muscle (IFM) morphology, 10 mm paraffin-
embedded sectionswerecutfrom flythoraxes. Inorder toprepareDrosophilamuscle
sections, the fly bodies were immobilized in collars in the required orientation and
fixedin Carnoy fixative solution (65351 5Ethanol5Chloroform5Acetic acid) at4uC
overnight.Tissuedehydrationandembeddinginparaffinwasperformedasdescribed
previously
43. Histological sections were prepared using a Hyrax M25 (Zeiss)
microtome and stained with hematoxylin and eosin. All chemicals for these
procedureswereobtainedfromSigmaAldrich.Muscleanalysiswasdoneusingalight
microscope(Zeiss).Thefrequencyofmuscledegenerationwasquantifiedasaratioof
degenerated muscles to the total number of analyzed muscles.
Lipid peroxidation detection. Flies were kept at 29uC for three days after eclosion
and emersed in liquid N2. Cellular extracts were prepared via homogenization of
20–25 whole flies in cell lysis buffer and then boiling the homogenates for 5 min at
100uC followed by centrifuging on high for 5 min. Protein levels in the extracts were
determined via the BCA protein assay (Pierce Chemical). 100 ml of fly extract was
combined with 300 ml acetic acid (20%, pH 3.5), 300 ml TBA (0.8% w/v in 0.5 M
NaOH)and40mlSDS(8%w/v).Themixturewasheatedfor45 minat100uCtoallow
foradductformation.Adductswerethenextractedinto1-butanolandtheabsorption
was measured at 540 nm along with appropriate blanks. The raw absorption values
minus any absorbance from the blank samples were then normalized to protein
content (mg/ml). Three replicates were measured from four or more independent
extracts. Data was compared using a one-tailed Student’s t-test. Heterozygous
animals were the result of crossing mutant stocks to OregonR.
Drug assays. Flies (DysDf genotype) raised at 25uC that were 3–7 days old were put
overnight in vials containing filter paper soaked in 5% sucrose and either 500 mM
2-APB,20mMRyanodineor3.6 mMNifedipine.Controlswereonlykeptonsucrose.
Electrophysiological measurements of IFMs were done the following day. When
testing for drug lethality, OregonR wild type flies were used with lethality rates as
follows: sucrose (1/10 dead), 2-APB (3/10 dead), Ryanodine (0/10 dead), Nifedipine
www.nature.com/scientificreports
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lethality rate with both 2-APB and Ryanodine as follows: sucrose (4/15 dead), 2-APB
(10/15 dead), Ryanodine (9/15 dead), Nifedipine (1/15 dead).
Reverse transcription quantitative PCR. Quantitative reverse transcription (RT-
qPCR) was performed on total RNA derived from whole adult animals. RNAs were
extracted from flies with the RNeasy Mini kit (Qiagen), followed by reverse
transcription using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems) following the manufacturer’s protocols. mRNA amounts were tested
with RpL32 as an endogenous controlfor q-PCR using the Fast SYBRH Green master
mix on a Step One Plus 96 well system (Applied Systems). The reactions were
incubatedat95uCfor10 min,followedby40cyclesof95uCfor15 sand54uCfor30 s.
All reactions were run in triplicate with appropriate blank controls. The threshold
cycle (CT) is defined as the fractional cycle number at which the fluorescence passes
thefixedthreshold.Primers wereusedas follows:RpL32forward -AAGATGACCA-
TCCGCCCAGC; RpL32 reverse – GTCGATACCCTTGGGCTTGC; Dg forward –
ACTCAAGGACGAGAAGCCGC; Dg reverse – ATGGTGGTGGCACATAATCG;
Dys forward – GTTGCAGACACTGACCGACG; Dys reverse - CGAGGGCTC-
TATGTTGGAGC. The DCT value is determined by subtracting the average RpL32
CT value from the average Dys/Dg CT value. The DDCT value is calculated by
subtracting the DCT of the control sample from the DCT of the suspect sample. The
relativeamountofmRNAisthendeterminedusingtheexpression2
2DDCTandthefold
reduction is determined using the expression 2
DDCT. Errors for RNAi transgenes were
determined starting with the standard deviationof the rawCTvalues and performing
appropriate regression analysis.
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